An important role in the treatment regimens for Mycoplasma pneumoniae infections is played by macrolide (ML) antibiotics. In the past few years, however, a steady increase has been detected in the worldwide prevalence of ML-resistant (ML r ) M. pneumoniae strains. It is obvious that this increase necessitates a continuous monitoring of ML r and, when detected, modification of antibiotic treatment modalities. Previously, we developed a pyrosequencing-based assay system for the genetic determination of ML r as well as molecular typing of M. pneumoniae. In this study, the sensitivity of this system was improved by the inclusion of a nested-PCR protocol. The modified system was applied to 114 M. pneumoniae-positive specimens that were obtained from a collection of 4,390 samples from patients with acute respiratory tract infections. These samples were collected between 1997 and 2008 in The Netherlands. The pyrosequencing system produced reliable data in 86% of the specimens that contained >500 M. pneumoniae genome copies/ml of patient sample. Each of these samples contained DNA of the ML-sensitive genotype. While 43% of the samples were found to harbor the M. pneumoniae subtype 1 genotype, 57% contained the subtype 2 genotype. We conclude that the pyrosequencing-based assay system is a useful tool for ML r determination and molecular typing of M. pneumoniae in patient samples. ML r -associated M. pneumoniae genotypes, however, were not found in the current study population.
M
ycoplasma pneumoniae is a pathogen of the human respiratory tract and one of the most prevalent causes of community-acquired pneumonia. General treatment options for M. pneumoniae infections include macrolides (MLs), tetracyclines, and fluoroquinolones. In young children, however, tetracyclines and fluoroquinolones are contraindicated due to unfavorable effects, such as discoloration of teeth by tetracyclines and putative cartilage damage induced by fluoroquinolones. The antibiotics of choice for this patient group are therefore ML antibiotics, such as clarithromycin and azithromycin. In the past decade, however, increasing numbers of M. pneumoniae clinical isolates were found to be resistant against these antibiotics. ML resistance (ML r ) was first reported in Japan in 2002 (14) , and since then it has also been detected in the United States (10, 26) , Europe (3, 7, 17, 18) , eastern Asia (13) , and the Middle East (1) . The prevalence of ML r varies widely, from 1 to 2% in Denmark (18) to as high as 90% in China (11) . Clearly, the emergence of ML r poses a significant threat to the use of MLs in the treatment of M. pneumoniae infections. It is therefore important that ML r among M. pneumoniae isolates is rapidly and efficiently monitored in order to allow effective antibiotic treatment.
Although the sensitivity of M. pneumoniae to antibiotics can be determined unambiguously on cultured bacterial isolates, the culturing of M. pneumoniae is time-consuming and precludes the timely identification of antibiotic-resistant isolates. The monitoring of ML r in this species is therefore most efficiently performed using molecular assays. These assays are aimed at the detection of specific point mutations in the bacterial 23S rRNA gene, which determine the ML r phenotype. Since the first report of ML r in M. pneumoniae, several molecular assays have been developed to detect the ML r -associated point mutations. In most cases, these assays rely either on time-consuming Sanger sequencing of PCR products or on real-time PCR followed by high-resolution melting analysis, which requires a high level of expertise in interpretation of the results (17, 26) . Previously, we described a pyrosequencing system to assess ML r and to determine the genotype (i.e., subtype 1 or subtype 2) of cultured M. pneumoniae strains (20) . This system consists of four separate assays (two assays to assess ML r and two assays to determine genotype) and was found to be highly useful when applied to cultures of M. pneumoniae. In order to develop a culture-independent pyrosequencing system that is suitable for the determination of both ML r and the genotype of M. pneumoniae in clinical specimens, we modified the original pyrosequencing system by increasing its sensitivity. In the present study, we applied this modified system to M. pneumoniae-positive clinical specimens collected during a 12-year surveillance period in The Netherlands.
Here, we demonstrate that the pyrosequencing system is highly convenient for molecular characterization of M. pneumoniae directly on patient material. The system can be used in parallel with a PCR-based surveillance system and can be applied to the monitoring of epidemics. In addition, the pyrosequencing system can serve as a guide for clinicians in the diagnosis and treatment of acute respiratory infections (ARIs) caused by M. pneumoniae. 
MATERIALS AND METHODS
Surveillance network, patients, and clinical specimens. The nationwide Continuous Morbidity Registration at the Dutch Sentinel General Practice Network, coordinated by NIVEL (the Netherlands Institute for Health Service Research), continuously monitors consultations for influenza-like illness (ILI) in The Netherlands. In addition, this network aims to monitor the circulation of influenza viruses and other pathogens, including M. pneumoniae, among patients with ILI or other ARIs. ARI was defined as a respiratory infection with acute onset plus one of the following symptoms: coryza, sore throat, cough, frontal headache, retrosternal pain, or myalgia. ILI was defined as an ARI accompanied by fever (rectal temperature Ͼ 38°C).
Sixty-one general practitioners (GPs) from 45 general practices participate in this surveillance network. Together, they serve about 0.8% of the Dutch population, nationally representative by age, gender, geographic distribution, and population density (5) . The GPs weekly report the number of patients consulting their practice with ILI and are asked to collect a nose swab and a throat swab on a weekly basis from two patients with ILI. If the GPs do not encounter patients with ILI, they are asked to sample two patients with another ARI (4, 22, 23) . From 2001 until 2003, healthy controls were asked to participate in the surveillance as part of a case-control study on environmental risk factors for ARI (23) .
In this study, we used the data and all M. pneumoniae-positive specimens collected in this surveillance network from 1997 to 2008. M. pneumoniae was monitored during each year of the surveillance, except for weeks 40 to 52 in 2003, the entire year in 2004, and weeks 1 to 36 in 2005. For each patient, a questionnaire was completed, which included age, gender, time of onset of illness, clinical symptoms, and diagnosis. The nose and the throat swab were combined and transported in 4 ml of gelatin-lactoalbumin-yeast (GLY) medium containing 0.1 mg/ml pimaricin and 0.2 mg/ml gentamicin at ambient temperature. The specimens were sent by regular mail to the Virology Department of the Laboratory for Infectious Diseases and Perinatal Screening of the National Institute for Public Health and the Environment for analysis.
M. pneumoniae strains. All M. pneumoniae strains used in this study, including reference strains M129 (ATCC no. 29342), PI 1428 (ATCC no. 29085), FH (ATCC no. 15531), and MAC (ATCC no. 15492), as well as clinical strains R035, P05/132, M688/98, and T79 (20) , were cultured in Mycoplasma medium, as described previously (12) .
Detection and quantification of M. pneumoniae DNA. Patient specimens were analyzed prospectively for the presence of M. pneumoniae DNA by nested PCR, as described by Dorigo-Zetsma et al. (6) . Residual material from the original specimen was stored at Ϫ80°C for future purposes. For this study, all stored M. pneumoniae-positive specimens were retrieved. DNA was extracted from each original specimen (200 l) using the QIAamp DNA minikit (Qiagen, The Netherlands) according to the manufacturer's recommendations. Phocine herpesvirus was added before isolation as an internal control for real-time PCR, as described before (15) . The DNA was eluted in a final volume of 50 l. A quantitative real-time (TaqMan) PCR assay was used to quantify the M. pneumoniae DNA load, as previously described (20) . ML r genotype identification and subtype determination by pyrosequencing. To identify genotypes (point mutations) associated with either ML r or ML sensitivity (ML S ), two pyrosequencing assays targeting the M.
pneumoniae 23S rRNA gene were used (20) . These assays can determine the presence of the ML r -associated mutations at positions 2063, 2064, and 2067 (assay 1) and at position 2617 (assay 2) of the 23S rRNA gene (20) . Initially, the assays were designed to be performed on cultured bacteria. In this study, we aimed to use these assays directly on DNA isolated from clinical specimens. We therefore designed a nested-PCR protocol to improve the detection limit and specificity of the original protocol (20) . PCR and sequence primers for both assays are listed in Table 1 . The first (external) PCR was identical for both assays. The PCR mixtures (25 l) contained 0.4 M each primer, 0.2 mM each deoxynucleoside triphosphate (dNTP), 2 mM MgSO 4 , 0.02 U/l Pfu DNA polymerase (Fermentas), 1ϫ Pfu buffer (Fermentas), and 5 l template DNA. The following cycling conditions were used: 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C. The (internal) PCRs were performed as previously described (20), using 1 l of template from the first PCR. A negative control was taken along in each PCR run. The resulting (biotinylated) PCR products from the second PCR were immobilized to streptavidin-Sepharose high-performance beads (GE Healthcare) and processed to yield high-quality, single-stranded DNA using the PyroMark vacuum prep workstation (20) . The pyrosequencing reactions and sequence analyses were performed using the PyroMarkQ96MD sequencer (Qiagen) and accompanying software.
To discriminate between the two major M. pneumoniae subtypes (i.e., subtypes 1 and 2), we previously developed two different pyrosequencing assays (20) . The first assay targets a subtype-specific single-nucleotide polymorphism (SNP) located in a conserved region near the 3= end of the MPN141 gene (which encodes the major cytadhesin, P1, of M. pneumoniae), whereas the second targets a subtype-specific SNP in the MPN528a gene (which encodes a homologue of RecU Holliday junction resolving enzymes) (19, 20) . Both assays were improved by a nested protocol in a similar fashion to that described above for the ML r and ML s assays, using similar conditions. The primers used in each assay are listed in Table 1 . Statistical analysis. The analysis of a possible association between genomic copy load and either patient characteristics or subtype was performed using the Mann-Whitney U test. To analyze the relationship between subtype and age groups or the presence of clinical symptoms, we used the chi-square test. Significance was set at P ϭ 0.05. All statistical analyses were performed using SPSS statistical software version 16.0.1.
RESULTS
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and 2008 among patients with ARI. Of the 4,390 specimens that were collected between 1997 and 2008 from patients with ILI or another ARI, 114 (2.6%) tested positive for M. pneumoniae using a conventional, nested-PCR assay. Of 588 specimens that were collected from healthy individuals, 5 were positive for M. pneumoniae; these specimens were not included in this study. From 3 of the 114 M. pneumoniae-positive specimens (each originating from 1997), original material was no longer available. The M. pneumoniae DNA load in the remaining 111 M. pneumoniae-positive specimens was determined using a quantitative, real-time PCR assay (20) . In 15 of these specimens, the real-time PCR assay was negative. These specimens were therefore not analyzed further. In the other 96 specimens, the M. pneumoniae genomic DNA could be quantified ( Table 2 ). The genomic copy loads in these specimens ranged from 250 genomic copies/ml up to 1.2 ϫ 10 6 copies/ml of original patient sample. As shown in Fig. 1 , the prevalence of M. pneumoniae fluctuated over the years and was highest in 2005 (11.5%). Most M. pneumoniae cases were observed in two groups of patients-i.e., patients 0 to 15 years of age (32.3%) and patients 31 to 45 years of age (31.3%) ( Table 2 ). The symptom that was reported most frequently was coughing. An association be-tween the bacterial DNA load, patient age, and clinical symptoms was not found. There was also no correlation between the bacterial DNA load and the delay between the date of onset of illness and the moment of specimen collection.
Generation and evaluation of a highly sensitive pyrosequencing system. Previously, we described the design and use of four pyrosequencing assays for determination of both ML r and genotype of M. pneumoniae strains (20) . A major drawback of these assays, however, is that they can only be applied to cultured bacterial isolates, as their lower detection limit is relatively high (approximately 5,000 copies per ml of the original sample). We therefore set out to improve the detection limit of the four assays, which will be referred to here as the "pyrosequencing system," such that they can be performed directly on clinical specimens from M. pneumoniae-positive patients. For this purpose, the initial PCRs of the pyrosequencing system were converted into nested reactions (as described in Materials and Methods).
To determine the lower detection limit of the system on patient specimens, we performed experiments in which throat swabs from healthy persons were spiked with known quantities of M. pneumoniae DNA. The swabs were rinsed in 1 ml phosphate-buffered saline, and after DNA extraction, the M. pneumoniae DNA load was measured by real-time PCR. The detection limit for each of the four assays from the pyrosequencing system was found to be ϳ5 ϫ 10 2 genomic copies per ml of sample (which is ϳ10-fold more sensitive than the original protocol). At copy numbers below 5 ϫ 10 2 genomic copies per ml, the assays failed to provide reliable results. In these cases, the amount of generated PCR product was too low to allow the generation of high-quality, reproducible pyrosequencing data.
To test whether the modified pyrosequencing system is able to detect the genotypes associated with either ML resistance (ML r ) or ML sensitivity (ML s ) and to discriminate between the two different subtypes of M. pneumoniae, we applied the system to different isolates from our M. pneumoniae strain collection. These isolates included four strains with an ML r genotype (the subtype 1 strains R035 and P05/132 and subtype 2 strains M688/98 and T79) and four strains with an ML s genotype (subtype 1 strains M129 and PI1428 and subtype 2 strains MAC and FH). Similar to the original pyrosequencing system, the modified system correctly determined the subtypes as well as the ML r /ML s genotype of each of the tested strains (data not shown). ML r /ML s and M. pneumoniae subtype determination in clinical specimens. The modified pyrosequencing system was applied directly to DNA isolated from the 96 M. pneumoniae real-time PCR-positive patient samples. Seventy-seven of these specimens (80.2%) yielded a reliable result in the ML r and ML s assays from the pyrosequencing system. As expected from the spiking experiments, the performance of the tests was highly dependent on the genomic load in the original sample. In specimens with a load above 5 ϫ 10 2 genomic copies/ml, the ML r and ML s assays generated reliable data in 86% of cases. At genomic copy numbers lower than 5 ϫ 10 2 genomic copies/ml, however, results were obtained in only 41% of the cases. All specimens that produced reliable data in the ML r and ML s assays were found to carry the ML s genotype. Thus, the ML r genotype was not detected in the current sample collection.
The two M. pneumoniae subtyping assays from the pyrosequencing system were slightly more sensitive than the ML r and ML s assays: in 85 of the 96 M. pneumoniae DNA-positive specimens (88.5%), the subtype could be determined. Similar to what was reported for the ML r and ML s assays, the success of the subtyping assays was highly dependent on the M. pneumoniae genomic load in the original specimens. In specimens with a load above 5 ϫ 10 2 per ml, the genotype could be reliably determined in 92% of the cases. In specimens with loads of 5 ϫ 10 2 genomic copies/ml or lower, the subtype was determined in 67% of the cases. The results from the two subtyping assays corresponded for all specimens. The majority of the specimens obtained during the entire sample period contained M. pneumoniae subtype 2 sequences (57%). This percentage varied over the years and was highest in 1998 and 2001 (Fig. 1) . We did not find an association between bacterial subtype, patient age, and clinical symptoms or between subtype and bacterial DNA load.
DISCUSSION
In this study, a modified pyrosequencing system was used for ML r determination and molecular typing of M. pneumoniae directly in clinical specimens. We found this modified system to generate reliable results in 86% of the samples that carried Ͼ500 M. pneumoniae genome copies/ml. This lower detection limit was determined by spiking patient samples with known quantities of purified M. pneumoniae DNA. The main modification made to the original pyrosequencing protocol was the inclusion of a nested PCR instead of a single PCR (20) . Clearly, the use of a nested-PCR protocol may also have drawbacks. First, a higher PCR sensitivity may lead to increased problems related to contamination. However, strict guidelines were followed in the handling and containment of PCR products: i.e., each step of the pyrosequencing system was performed in a separate room. As a consequence, we have not experienced problems with DNA contamination during the course of this study. Second, a nested-PCR step may increase the risk of generating PCR errors, which may lead to incorrect sequencing results and incorrect assignment of either subtype or ML r /ML s genotype. To avoid this problem, a heat-stable DNA polymerase with proofreading activity was used throughout this study, and we have not experienced any (PCR-induced) sequence variation in any of the analyzed amplicons.
Although ML-resistant M. pneumoniae isolates have recently been detected in many European countries (such as Germany, Denmark, France, and Italy), we did not detect any genotypes associated with ML r in the Dutch patient cohort that we studied. This apparent inconsistency may be explained by the nature of our study population, which consists of ambulant patients. It might be that the prevalence of ML r is higher among (hospitalized) patients that are subjected to antibiotic treatment. It is also possible that ML r among M. pneumoniae strains in The Netherlands emerges more slowly than in other countries due to the restricted use of antibiotics in The Netherlands (2) . Thus, the selection for strains with an ML r genotype may not be as strong in this country as in neighboring countries, in which antibiotics are administered with a higher frequency. However, the easy administration and the favorable pharmacokinetic profile of newer MLs, like clarithromycin and azithromycin, will likely stimulate their prescription. It should therefore be considered that ML r will also emerge in The Netherlands in the near future.
In our study population, a remarkable fluctuation in the prevalence of M. pneumoniae was observed over time. Similar fluctuations have been reported in epidemiological studies from other countries (8, 9, 18) . The highest percentage of M. pneumoniaepositive specimens was detected in the year 2005 (Fig. 1) . Interestingly, during the same period (i.e., the years 2004 and 2005), an epidemic of M. pneumoniae infections occurred in Denmark (18) . A possible explanation for the periodic fluctuations in the incidence of M. pneumoniae infections is antigenic variation of bacterial surface-exposed proteins, such as the P1 protein (21) . This antigenic variation may result in a temporary reduction of the immunity against M. pneumoniae in the population (24) . It is also possible that the specific immunological memory against M. pneumoniae wanes rapidly, allowing the bacteria to reinfect individuals within 1 to 2 years after the previous infection (9). Another notable epidemiological observation in this study was the relatively low prevalence of M. pneumoniae in our patient population. This may, at least in part, be explained by the age distribution of the population. More specifically, the burden of M. pneumoniae infections lies primarily in childhood (25) , whereas the specimens in the surveillance network were collected regardless of age. In addition, the primary aim of the surveillance network is to monitor influenza virus infections, and those patients were selected that were suspected of an influenza virus infection.
As a consequence of the relatively low prevalence of M. pneumoniae in the group of patients that was studied, it was difficult to analyze a putative correlation between the presence of either subtype 1 or subtype 2 M. pneumoniae isolates in the Dutch population. Shifts in the prevalence of these subtypes have been reported to occur, such that the subtype that predominates in the human population is replaced by the other subtype every 8 to 10 years (9) . In this study, however, such shifts were not observed, which may, at least in part, be due to the length of the sampling period being too short. Regardless, the clinical implications of the detection of either subtype 1 or subtype 2 strains are still unclear. In this study, we did not find any association between the subtype of the infecting M. pneumoniae strain, the pathogenesis of infection, and bacterial DNA load. A similar conclusion was drawn by Nilsson and coworkers in a Swedish study, in which 45 M. pneumoniae PCRpositive patients were included (16) . As a consequence, molecular (sub)typing of M. pneumoniae isolates is currently only useful for epidemiological purposes.
In conclusion, pyrosequencing is a valuable tool for the molecular characterization of M. pneumoniae. Using this system, we did not detect any ML r -associated M. pneumoniae genotypes in patient specimens collected between 1997 and 2008 in The Netherlands. However, as ML r is increasing in neighboring countries, either due to local antibiotic pressure or due to actual spread, it is important that ML r be monitored, not only in countries with a high prevalence of ML r , but also in countries with a low prevalence of antibiotic resistance, such as The Netherlands. 
